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Abstract 
The Medical Device industry lags other industries such as automotive and aerospace in terms of the use of predictive modeling as a design tool. 
This has started to change with growing experience being established with metal scaffold type structures (stents, Transcatheter aortic valve 
structures etc.). However, these computational methods are generally used with structures that are composed of a single material type as with 
Finite Element Analysis (FEA). Composite interventional catheters generally features 3-layer composite structures (polymer layer A/Metal 
reinforcement layer B/polymer layer C) which offer different challenges than single material structures in terms of predictive modeling. The 
results achieved with two different Experimental Design or Design of Experiments (DOE) based predictive modeling methodologies will be 
compared. The Classic DOE approach is based on a full factorial DOE with center points. The Custom DOE approach is based on the full 
factorial approach but is augmented with a series of experiments to fill the internal design space more completely rather than rely on just taking 
sample points predominantly around the boundaries of the design space as in classic DOE. Results generated from both approaches relate to 
catheter performance criteria of value in early stage composite catheter design. Strengths and drawbacks of both modeling approaches are 
discussed. 
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Medical Device companies like other industries are striving to produce better and cheaper products more quickly. In 
order to achieve the flexibility required, this has led to an increase in outsourcing and partnerships in relation to R&D.[1, 2] The 
significant growth in the use of contract services by medical device companies in the design and development space has been 
clearly recognised within the industry.[3, 4] The growth in demand for design services[5, 6], facilitation of new device 
development activities and the fact that OEM companies are less technology driven than in the past has also been recognised.[5] 
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Medical Device companies like other industries are striving to produce better and cheaper products more quickly. In 
order to achieve the flexibility required, this has led to an increase in outsourcing and partnerships in relation to R&D.[1, 2] The 
significant growth in the use of contract services by medical device companies in the design and development space has been 
clearly recognised within the industry.[3, 4] The growth in demand for design services[5, 6], facilitation of new device 
development activities and the fact that OEM companies are less technology driven than in the past has also been recognised.[5] 
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Evidence from other industries suggests adoption of an outsourcing model towards design and/or production can weaken the tacit 
knowledge base that’s valuable for product development.[7-9]  
 
It has been shown that the level of experience of the design team in medical devices can improve time to market by as much as 
50%.[10] The lack of a meaningful body of knowledge on composite interventional catheter design has been identified as a 
contributor to the tendency towards iteration based design that predominates in the development of catheter based devices.[11]  
These three factors; growth in outsourcing (some OEM supply companies are specialising in the catheter-based device space), 
importance of experience in medical device design and the lack of a meaningful body of knowledge are fundamental to 




2.0 Engineering Design Optimisation: 
 
Each time a product is designed to satisfy a set of user needs, the designer attempts to achieve the best solution for the 
task in hand and therefore performs engineering design optimisation. Performing engineering design optimisation requires 
knowledge about the stage of design, design variables and their minimum and maximum limits (independent variables), 
constraints, measurement of the design performance (dependent variables), design parameters and relationships between the 
independent and dependent variables.[12]  
 
There are a wide range of potential tools that can be used in engineering design optimisation. This paper focuses on the 
construction of two predictive models based on a DOE approach. Experimental Design or DOE is essentially a strategy of 
industrial experimentation where a number of factors in a process or system can be varied simultaneously to study their effect on 
the output.[13] One factor at a time (OFAT) experimentation where one factor is varied while the others are fixed is the 
traditional approach to experimentation.[14] It is also a flawed approach that completely ignores interaction effects. 
 
 “Classic” experimental designs originated from the theory of Design of Experiments when physical experiments are conducted. 
These methods focus on planning experiments so that the random error in physical experiments has minimum influence in the 
approval or disapproval of a hypothesis.[15] Widely used “classic” experimental designs include factorial or fractional factorial 
designs.[16] A full factorial DOE requires nk runs where n is the number of factor levels and k is the number of factors being 
examined. The main advantage is that it provides a complete analysis. The drawback is that it requires a lot of experimental runs. 
Fractional factorial designs reduce the number of runs but also lose visibility on some of the interaction effects. In practice this 
can be less of an issue than it appears in theory. 
 
Taguchi formalized the fractional factorial DOE method and published a library of orthogonal arrays, which reduced the number 
of required experiments significantly. Details of Taguchi’s orthogonal arrays can be found in the literature.[17] Taguchi methods 
are a tool for quality improvement and cost reduction rather than determining the casual relationships of how things happen.[18] 
Classical DOE strongly advocates a sequential and adaptive approach to experimentation whereas the Taguchi approach utilises 
one large experiment to study all the main effects and some important interactions.[19] Often Taguchi experiments are concerned 
with optimisation of a single quality characteristic or response of interest. Very little attention is paid to the optimisation of 
multiple quality characteristics in many training programs on Taguchi approach to DOE.[19] The goal of this work is examining 
the optimisation of multiple factors in order to create the framework for a predictive model rather than to optimise a single 
process or quality characteristic. 
 
The classic DOE methods tend to spread the sample points around boundaries of the design space and leave a few at the centre of 
the design space. Statistically designed experiments can be applied to computer models as easily as to physical systems.[20] As 
computer experiments involve mostly systematic error rather than random error as in physical experiments it has been suggested 
that a good experimental design tends to fill the design space rather than to concentrate on the boundary.[21]  The predictive 
model based on the classic DOE approach is efficient in terms of number of experimental runs. The custom DOE model can 
contain more experimental runs. These runs are added to fill the design space rather than just the edges. The custom DOE design 
is a meta model based on filling the design space rather than just taking sample points predominantly around the boundaries of 
the design space. The effect of this on the accuracy of the predictive model developed from each approach will be examined 
against two experimentally tested baseline designs. This will allow an assessment of whether the custom model improves the 
accuracy of the predictive results generated. The motivation for this paper is to address the gap in adequate predictive modelling 
tools for early stage interventional composite catheter design in order to reduce the cost and duration of reaching an acceptable 




3.0 Spirally wound composite catheter shafts in Interventional therapies: 
 
Coil reinforced or spirally wound sheath technology for catheter access began to appear in the medical device market in 
the mid-1980’s as smaller more delicate devices being delivered through tortuous anatomy required a more complex 
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technological approach. A patent issued to Kocak [22] describes a process for creating a valved introducer with the sheath body 
based on a solution coated spirally coiled spring. Arrow International (now part of Teleflex) introduced the Super Arrow Flex 
product line in 1993.[23] The patent filed in relation to this technology describes an extremely thin flat metal coil surrounded on 
its outer surface with a plastic tube or coating.[24]  
 
  
Figure 1 (a) Spirally wound composite interventional catheter as used in a TEVAR (Thoracic endovascular aortic repair) delivery system; (b) Schematic 
representation of a spirally wound composite interventional catheter shaft showing the distinct 3-layer construction 
Cook received a patent for a coil reinforced sheath in 1995.[25] The patent describes a flat spirally wound coiled catheter with a 
PTFE liner and a polyamide outer layer. This technology became the platform for the Cook Flexor range of access sheaths.[26] 
Guiding Sheaths are similar to reinforced introducer sheaths with the exception of longer lengths and shaped tips.[27] The 
technologies used for guiding sheaths would later find use in delivery systems for the emerging EVAR (endovascular aortic 
repair), TEVAR and TAVI (transcatheter aortic valve implantation) therapies.[28, 29] Coil reinforced structures are also used 
widely in aspiration catheters used to treat ischemic stroke.[30, 31] As such coil reinforced composite interventional catheters are 





This paper compares the predictive accuracy of two distinctly different DOE based modelling approaches. The Classic 
approach uses a conventional full factorial DOE with a midpoint run (17 runs). The Custom approach involves a full factorial 
approach, a midpoint and 6 supplementary runs (23 runs). The experimental design of each approach is shown in Table 2. The 
logic behind the custom DOE design is similar to that used in space filling designs popular in computer experiments described by 
Joseph.[32]. In this work, it’s clear that the experimental range being mapped is very large. The custom DOE is an attempt to fill 
the central regions of the experimental space in a manner that will improve the predictive models ability to generate accurate 
estimates of catheter performance across a range of performance characteristics. 




Grades between 74D and 25D are available within the Pebax® range. The higher the number the higher the durometer 
therefore the stiffer the material. 
Wall Thickness Key design characteristic for interventional composite catheters. Companies are generally trying to minimise it. 
Coil Pitch 
Coil pitch is expressed as a ratio. Coil pitch of 2X means there is a distance of twice the width of the flat coil wire between 
coil strands. Assuming coil width is .25mm, a 2X pitch would be .5mm. Coil pitch has a minimum value which allows effective 
lamination of the catheter shaft between the PTFE liner and outer layer. If pitch is too large, the positive mechanical 
characteristics of coil reinforcement are lost. For this work, a minimum of 1.3 and a maximum of 2.75 were used based on 




Different wire sizes and profiles are used in coiled catheter assembly. Often, thin walled designs seek to maximise coil cross-
sectional area for a specified wall thickness. High aspect ratio rectangular cross section reinforcement shapes rather than 
round reinforcement shapes are used. In Table 2 below the CSA of 41,290, 9,032 and 1,935 microns were achieved with 
rectangular profiles of .102mm*.406mm, .508mm*.178mm and .025mm*.076mm respectively. Larger dimension is coil 
width. Coils are wound with the largest dimension in contact with the liner layer. 
 
The parts manufactured were tested using nine validated test methods. These test methods were selected for their ability to 
characterise meaningful mechanical design criteria in relation to a composite coiled catheter shaft. The 9 test methods are listed 
in the first column of Table 3. Five data points were taken per run for each test. 
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JMP® Pro Version 11 software from SAS was used to design both DOE’s and run the analysis of the data. 4 factors were chosen 
for this initial DOE to examine coiled composite catheter. Those 4 factors are identified and explained in Table 1. The inner 
diameter of all parts was 2.30mm. A full fractional design with a midpoint was chosen. This allowed 16 degrees of freedom 
which allowed all main and interaction effects to be examined. In the case of the custom design supplementary runs were added 
with the aim of gathering data within the area bordered by the DOE extremes. This data is being gathered in the region where the 
DOE will be used to model catheter performance. The liner material (PTFE), coil wire profile (flat), coil wire material of 
construction (304 stainless steel) and outer material type Pebax® range (polyether-block-amide thermoplastic elastomer) were 
kept consistent across all builds. Thin walled PTFE lined interventional composite catheters are the area of most commercial 
interest. The bulk of these types of catheters feature these 4 design characteristics.   
 
The two baselines designs were chosen because they are representative of typical user needs, in terms of a composite coiled 
delivery sheath. In running the Custom DOE based predictive model when calculating Baseline A that dataset (run 23) was 
excluded from the data used to generate the predictive model. All other available supplementary runs were used, giving a total of 
23 runs versus the 17 runs in a conventional full factorial DOE with midpoint. When calculating Baseline B again, that specific 
dataset (run 21) was excluded from the data used to generate the predictive model and the other 23 runs were used to generate the 
model. This effectively means that all the available supplementary runs were used in each case. It also meant that two slightly 
different custom models (both containing 22 out of 23 similar runs) were created. Therefore, adjusted R2 values are presented for 
both approaches. This experimental approach maximised our ability to fill the central area of that being characterised by DOE 
with additional data points thereby providing the most complete contrast with the classic DOE with midpoint approach. The 
custom DOE has 24 runs. This means that there are the same number of readings at low, middle range and high range feeding 
into the model. It is know that building catheters at the extremes (thin walls, large reinforcing wires etc.) is more challenging 
than building them in the central zones. The custom design is attempting to partially balance the readings from the extremes of 
the region being mapped with a selection of data from the more central regions.  





































































1 25D .178 41,290 1.3 13 25D .279 1,935 2.75 1 25D .178 41,290 1.3 13 25D .279 1,935 2.75 
2 25D .178 1,935 2.75 14 74D .279 41,290 1.3 2 25D .178 1,935 2.75 14 74D .279 41,290 1.3 
3 74D .279 1,935 1.3 15 74D .178 41,290 1.3 3 74D .279 1,935 1.3 15 74D .178 41,290 1.3 
4 74D .178 41,290 2.75 16 74D .178 1,935 2.75 4 74D .178 41,290 2.75 16 74D .178 1,935 2.75 
5 74D .279 1,935 2.75 17 55D .229 9032 2 5 74D .279 1,935 2.75 17 55D .229 9032 2 
6 25D .178 41,290 2.75      6 25D .178 41,290 2.75 18 35D .254 23,226 2.25 
7 25D .279 1,935 1.3      7 25D .279 1,935 1.3 19 45D .254 4,839 2.25 
8 74D .279 41,290 2.75      8 74D .279 41,290 2.75 20 63D .203 23,226 1.75 
9 25D .279 41,290 2.75      9 25D .279 41,290 2.75 21 70D .203 4,839 1.75 
10 25D .279 41,290 1.3      10 25D .279 41,290 1.3 22 72D .203 4,839 2 
11 74D .178 1,935 1.3      11 74D .178 1,935 1.3 23 63D .254 12,903 1.5 
12 25D .178 1,935 1.3      12 25D .178 1,935 1.3 24 35D .229 12,903 2.5 
Classic DOE Experimental Design (left half) Custom DOE Experimental Design (right half) 
 
Table 2 visually shows the experimental design for both the classic and the Custom designs. The 4 factors being examined are 
the outer layer durometer, the overall wall thickness, the cross sectional area of the reinforcing wire element and finally the pitch 
of the coil pattern. These 4 factors and their significance in spirally wound composite catheter design are explained in Table 1. 
Table 2 also visually presents the difference in terms of the number of runs required to complete both the classic and custom 





The predictive model derived from the classic DOE was based on a full factorial design with a midpoint. JMP® Pro 11 was then 
used to fit a model for the data generated for each of the characteristics listed in Table 3.  
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The predictive model derived from the classic DOE was based on a full factorial design with a midpoint. JMP® Pro 11 was then 
used to fit a model for the data generated for each of the characteristics listed in Table 3.  
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Figure 2   (a) Prediction Profiler for Classic DOE Approach for Baseline 1 (Pebax 6333); (b) Prediction Profiler for Classic DOE Approach for Baseline 2 
(Pebax 7033). 
The Prediction Profiler function was then used to create an adjustable model that could be configured to represent Baseline A and 
Baseline B. A similar modelling approach was attempted with both the Classic and the custom model. However the model based 
on the classic design would not accept the treatment of cross sectional area as a curved response. In order to get the model to run 
CSA was treated as a linear response. This is the primary difference between the modelling approach taken for the classic and 
custom predictive models. These configured versions of the profiler are shown as Figure 2(a.) and 2(b.) respectively. The results 
for both Baseline A and B are shown in Table 3. 
Table 3 Results for Baseline A and B design using the Classic DOE based Predictive Model (actual value versus predicted value). 
 Baseline A Baseline B 
Test Method Actual Value Predicted Value (% error) Actual Value Predicted Value (% error) 
Tensile Yield (N) 33.57 35.50 (-5.7%) 43.27 33.94 (21.6%) 
Tensile Modulus (MPa) 280.09 395.56 (-41.2%) 528.46 500.65 (5.3%) 
Kink Diameter (mm) 9.59 14.46 (50.8%) 20.76 30.23 (-45.6%) 
Column Strength load (N) 36.68 40.57 (-10.6%) 43.403 37.82 (12.9%) 
Column Strength (N/mm) 82.68 96.18 (-16.3%) 100.005 84.80 (15.2%) 
Crush Parallel Plate (N) 191.88 188.91 (1.5%) 126.152 124.45 (1.3%) 
Bend Stiffness (N) 1.72 2.01 (-16.9%) 1.583 1.62 (-2.3%) 
Flexural Strength (N) 1.63 2.48 (-52.0%) 1.7 2.42 (-42.4%) 
Torsion (N m) 0.0363 0.0320 (11.8%) 0.0365 0.0275 (24.7%) 
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Figure 3 (a) Prediction Profiler for Custom DOE Approach for Baseline 1 (Pebax 6333); (b) Prediction Profiler for Custom DOE Approach for Baseline 2 
(Pebax 7033). 
Figure 3(a.) and Figure 3(b.) show the configured versions of the profiler for baseline A and baseline B respectively using the 
custom DOE approach. The Modelling approach for the Custom DOE has a curved response for both durometer and CSA. This 
was the optimal model fitted to the data. The data is presented in Table 1.  
Table 4 Results for Baseline A and B design using the Custom DOE based Predictive Model (actual value versus predicted value). 
 Baseline A Baseline B 
Test Method Actual Value Predicted Value 
(Percentage error) 
Actual Value Predicted Value 
(Percentage error) 
Tensile Yield (N) 33.57 35.27 (-5.1%) 43.27 35.893(17.0%) 
Tensile Modulus (MPa) 280.09 305.94 (-9.2%) 528.46 503.55 (4.7%) 
Kink Diameter (mm) 9.59 9.14 (4.7%) 20.76 23.46 (-13.0%) 
Column Strength load (N) 36.68 37.79(-3.0%) 43.403 38.44 (11.4%) 
Column Strength (N/mm) 82.68 90.61 (-9.6%) 100.005 89.87 (10.1%) 
Crush Parallel Plate (N) 191.88 165.93 (13.52%) 126.152 116.03 (10.1%) 
Bend Stiffness (N) 1.31 1.75 (1.74%) 1.583 1.41 (10.9%) 
Flexural Strength (N) 1.63 1.93 (-18.3%) 1.7 1.99 (-17.1%) 
Torsion (N m) 0.0363 0.0338(6.9%) 0.0374 0.0300 (19.1%) 
 
6.0 Discussion of Results: 
 
At the concept stage of a composite catheter design, a design tool with the ability to predict a critical performance characteristic 
to an accuracy of +/- 20% would be of real value.[11] This +/-20% is a practical yardstick based on AIAG guidance for 
measurement system analysis and has been used.[33] Review of Table 3 shows that this criteria was met 11 times out of 18 for 
the predictive model based on a classic DOE approach. Looking at the results for the custom DOE approach shown in Table 4, it 
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is clear the base criteria was met all eighteen times. Also, the average level of deviation of the prediction from the actual in Table 
4 is significantly less than in Table 3. Using the Custom DOE based predictive model, the average deviation from actual is 8% 
for Baseline A. With the Classic DOE based predictive model it is 23%. For Baseline B using the Custom DOE approach average 
deviation is 12.2% with the Classic DOE based model, it is 19%.  
Table 5 R2 and Adjusted R2 Values for the data from each of the 7 tests used to construct the predictive model. 
 Classic Custom (63D) Custom (70D)  Classic Custom (63D) Custom (70D) 
Test Method Adj R2 Value Adj R2 Value Adj R2 Value Test Method Adj R2 Value Adj R2 Value Adj R2 Value 
Tensile Yield  .942 .929 .937 Crush Parallel Plate  .994 .993 .992 
Tensile Modulus  .984 .971 .971 Bend Stiffness  .989 .982 .975 
Kink Diameter  .971 .894 .892 Flex Strength  .970 .950 .950 
Col Strength load  .990 .974 .978 Torsion  .954 .933 .946 
Col Strength  .984 .967 .967     
 
The adjusted R2 values for all nine models are presented in Table 5 for the classic and both the 63D and the 70D custom 
predictive modeling approaches. These are all high values which indicates that the models fits the data relatively well. The initial 
results demonstrate that the Custom DOE shows more potential as a technique for predictive modeling of interventional 
composite catheter performance. The very slightly lower adjusted R2 values for both custom models are potentially related to the 





Both the classic and the custom DOE based predictive modelling approaches showed value. The model derived from the classic 
approach requires less experimental runs to construct but demonstrates poorer accuracy in terms of predictive ability. The 
Custom DOE approach demonstrates considerably more potential, as a basis for predictive model methodology. The accuracy is 
much better with a reduction in average variation of 65% and 36% for Baseline A and Baseline B results respectively, compared 
to the Classic DOE approach. The custom approach requires more experimental runs (35% more than a classic approach) but that 
is outweighed by the increased prediction accuracy achieved. The goal of a predictive model for early stage composite catheter 
design is accuracy rather than efficiency. The Custom DOE approach while novel demonstrates its value in generating a body of 
data that can be used to create a predictive model of higher accuracy than a classic DOE approach. Clearly this is a novel 
application of DOE techniques compared to the more accepted and general use of DOE as a tool to optimise a specific process 
output. Some refinement in terms of some specific test methods (such as kink) is required and opportunities to improve the 
model further have been identified.  
 
The Custom approach will be applied to both coiled and braided constructs and applied in larger and smaller diameters to further 
gauge its robustness. However, this initial work clearly demonstrates the practical viability of using the Custom DOE approach 
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